The study of the thermodynamic properties and cooperativity involved in three centered hydrogen (THB) bond formation using aromatic ortho-A substituted amides, oxalamates and bisoxalamides (A = H, OMe, F, CH 2 OH, NO 2 , COCH 3 ) as model molecules is reported. ∆H° and ∆S° associated with disruption of intramolecular hydrogen bonding by solvent were estimated using temperature dependence data of the N-H chemical shift. The results suggest that the influence of the A group is more important when electron-withdrawing, increasing both the enthalpy and entropy with an important contribution from conformational changes. The data allowed the estimation of the Ph=NH + rotational barrier of 14.0 kJ mol -1 in the amide and 16.7-18.0 kJ mol -1 in oxalyl moiety. Correlations between ∆H° and ∆S° with NH temperature gradients predicted an enthalpy change of 18.7(1.0) and 24.4(1.7) kJ mol -1 for the energy required to break a full THB bond (A⋅⋅⋅H⋅⋅⋅O=C) and entropy differences between the non hydrogen bonded and hydrogen bonded state of 42.0(4.7) and 61.9(11) J mol -1 K -1 in oxalamate and bis-oxalamide series, respectively, in agreement with the participation of cooperative effects.
Introduction
The pioneering study on three centered hydrogen bonding using aromatic amides, oxalamates and bis-oxalamides was developed by Martínez-Martínez, 1 in his PhD dissertation under the supervision of Professor Rosalinda Contreras. This contribution, in her honor, is intended to provide further insights into the understanding of the energetic requirements of THB formation in such systems. The three centered hydrogen bond (THB) is one of the two modes of bifurcated hydrogen bonding which is known to occur. 2 It can be characterized as that configuration where a hydrogen atom covalently bonded to an electronegative atom is hydrogen bonded to another two lying in or close to the plane defined by them. 3 This kind of interaction frequently occurs in crystal structures of organic molecules, 4 and biomolecules such as aminoacids, 5 proteins, 6 and DNA. 7, 8 Intramolecular THB has been claimed to rigidify oligomer structures 9 and to control the helical secondary structure of oligoanthranilamides. 10 In spite of its wide occurrence, much less is known about the energy involved in this interaction. In fact there is a controversy about the energetic superiority of THB over regular or two centered HB. There are some studies that provide experimental evidence in favor, [11] [12] [13] however some experimental 14, 15 and theoretical studies, 3 using flexible molecules as a model, provide contrary evidence.
For a long time, the temperature dependence of amide N-H proton chemical shift has been recognized to be a useful tool to evaluate the thermodynamic parameters of intramolecular hydrogen bonding in flexible amides, 16 specially in non-polar solvents. The method is based on van't Hoff analysis, which requires equilibrium constant values at several temperatures to obtain ∆H° and ∆S° values of the process. The equilibrium constant between non bonded and fully hydrogen bonded state is calculated with the chemical shifts values associated with the fully hydrogen bonded state, non hydrogen bonded state and the observed one. The inconvenience of this methodology, applied in several systems, is that usually the chemical shift of a model molecule is used as the chemical shift for the non-bonded state. On the other hand, studies in polar solvents are limited to peptides since a solvent possessing a high hydrogen bonding capability, like DMSO, can exert a dominant influence on amide hydrogen bonding behavior, acting as a proton quencher. In this solvent, temperature gradient values of amide N-H chemical shift (∆δ/∆T) below 2 ppb are considered as indicative of solvent shielded or non-exposed systems. 17 Alternatively, for small systems ∆δ/∆T values, 18 as well as solvent induced gradients of the NH chemical shift and N-H IR stretching frequencies 12 have been related to the strength of the three centered hydrogen bonding interaction, however, the energy involved has not been estimated. Our previous studies on oxalamide derivatives have demonstrated the existence of THB both in DMSO solution 1 and in solid state 18 and have also established the role of tautomeric equilibria on the stability of these systems. 19 Furthermore, THB have been used in the design of molecular clefts. 20 Aromatic bis-oxalamides possess structural features that make them good models for the experimental study of the energy associated with THB, since donor and both acceptor groups occur in the same molecule and are rigidly held in the proper arrangement. Herein, the study of equilibrium constant K R at the reference temperature (303 K) and an estimation of the enthalpy of the process. The low and high temperature chemical shifts were used to evaluate the equilibrium constant for the process at several temperatures and after using the van't Hoff treatment, ∆H° and ∆S° were estimated. 
Results and Discussion
A series of aromatic amides, oxalamates and bis-oxalamides (a, b and c series, respectively) varying the ortho-substituent from electron-donating (2, A = OMe) to electron-withdrawing capabilities (3, A = F; 5, A = NO 2 ; 6 A = COCH 3 ) were used as model compounds, amides as models for regular HB, oxalamates for THB and bis-oxalamides to test cooperativity in THB. Furthermore, five (compounds 2 and 3), versus six membered (compounds 4-7) hydrogen As mentioned before, the method predicts a low temperature chemical shift δ HB , associated with the full hydrogen bonded state, and a high temperature chemical shift δ SB , associated with the solvent bonding state. Independently from the o-substituting group, the predicted δ HB values for oxalamate b and bis-oxalamide c series are larger than the values for amide a series and both converge to the same value. This prediction is in accordance with the expected hydrogen bonded state for the amide and three centered hydrogen bonded state for the oxalamate b and bisoxalamide c series. In contrast, the predicted value for δ SB is different between the series. This result is expected due to different degrees of solvent association (b and c series) or even solvent exchange (a series). Solvation of b and c series is in agreement with the model proposed for amines and phenol by Lewis bases. 23 Thus, the predicted ∆H° and ∆S° values may be overestimated in the order amides >> oxalamates > bis-oxalamides. In every case both enthalpy and entropy changes are positive, in agreement with the energy required to disrupt hydrogen bonding and to reach a more disordered final state.
Structure effects on hydrogen bonding energetics
The electronic nature of the hydrogen bonding acceptor group exerts a strong influence on the amide NH signal, which is shifted to low frequencies by electron-donating groups (A = D) and to In the case of electro-D substituents, the amide nitrogen lone pair of electrons is delocalized to the carbonyl moiety (B form) and in the case of electro-W groups it is preferentially delocalized to the phenyl ring (C form). Both ionic forms are stabilized by polar solvents such DMSO whereas the A form will be the predominant canonical structure in non polar solvents. If either of resonance structures B or C takes part in hydrogen bonding, the acidity of the NH is thus increased, but in the case of C a contribution from rotational effects in Ph-NH bond can also be expected.
The β-carbonyl group from the oxalyl moiety exerts an important local deshielding effect on the N-H signal, shifting it to higher frequencies by approximately ∆δ HB = 0.8 ppm (compare the values of 1a and 1b). Changes in conformation induced by THB formation are responsible for ∆δ HB higher than 0.8 ppm and for the small change observed for compounds 2b and 2c (A = OMe) in relation to compound 2a.
After a brief comparison of ∆H° between compounds 1a and 1b-c, it is inferred that the oxalyl group has a small but noticeable influence increasing ∆H° of the process by 2.1(0.2) kJ mol -1 mean value. It has been proposed that the intramolecular interaction between N-H and its β-CO group in oxalamides, should be considered as a favorable interaction of antiparallel local dipoles, 24 then the value of 2.1(0.2) kJ mol -1 is proposed as the value for this interaction in aromatic oxalamate and bis-oxalamide compounds. This result is consistent along the a-c series, independently from the nature of the A group, except in the case of compounds 7a-c, whose NHCO group is non aromatic. Table 2) . ∆H A values increase in 5a-c series (A = NO 2 , six membered ring): 5a < 5b < 5c; but decreases in 7a-c (A = OMe, non aromatic, six membered ring) series: 7c < 7b < 7a. In the remaining compounds it remains almost constant as would be expected when there is no influence of the group A. In contrast, ∆S A tends to increase in 3a-c (A = F, five membered ring), 5a-c (A = NO 2 , six membered ring) and 6a-c (A = COCH 3 , six membered ring) and to decrease in compounds 7a-c. These results suggest that the influence of the A group is more important when there is an electron-withdrawing group involved in hydrogen bonding, in the particular case of A = NO 2 , both the enthalpy and entropy are increased. This result contrast with the expected one, since electron-withdrawing groups increase the acid character of the NH and therefore the energy required to break intramolecular HB should be reduced. The aromatic nature of the amide seems to be an important factor for the strength of THB. In the case of non aromatic amide series 7a-c, the enthalpy diminishes in relation to the unsubstituted compound 1a-c but the entropy is increased according with the flexibility introduced by methylene group and the lack of amide conjugation.
To maintain the influence of the A group constant and appreciate the energetics related with three centered hydrogen bonding (THB) and cooperativity effects, the quotient ∆Y HB = ∆Yº na-c /∆Yº na (Y = H, S) is proposed; where ∆Yº na-c is the estimated enthalpy or entropy for each one of 1a-c to 7a-c and ∆Yº na is the enthalpy or entropy for each amide na as reference compound, thus ∆H HB values for 2b are ∆H°(2b)/∆H°(2a) = 9.68/9.50 = 1.0, for three centered hydrogen bonds, and for 2c, ∆H°(2c)/∆H°(2a) = 12.92/9.50 = 1.4 (Table 2) , for cooperativity effects. The enthalpy related to THB, ∆H HB (b series), is significantly increased in relation to regular HB (a series) in compounds 4b and 5b, it is slightly decreased in 7b and remains almost constant in the remaining compounds. Cooperativity effects on enthalpy are significant in compounds 2c and 5c. In contrast, the entropy ∆S HB for both THB and cooperativity effects increases in 1-6 and is almost unchanged in 7. These results are in agreement with the expected increase in entropy due to the higher number of atoms involved in hydrogen bonding disruption, in regular HB there are three (D-H⋅⋅⋅A) and in THB there are at least four atoms involved [D-H⋅⋅⋅A(1)A(2)], neglecting participation from solvent molecules. 
Solvent effects on solution conformation
In addition to the chemical shift temperature gradient (∆δΝΗ/∆T), the solvent effect on NH chemical shift has also been accepted, as a general test for proton mobility, 12 whose limitation is the inherent solubility of compounds. However, in the case of certain functional groups, the dielectric constant of the solvent could favor the participation of one preferred resonance structure over others. 25, 26 To contrast both tests, the 1 H NMR spectra of compounds 1a-c, 2a,b and 5a,b were recorded in CDCl 3 solution and compared with those recorded in DMSO-d6 solution. Results are listed in Table 3 In oxalamate and bis-oxalamide systems, the participation of C(6)-H6⋅⋅⋅OCNH hydrogen bonding as a cooperative interaction in THB formation, has been noted in both solution and in the solid state. 18 In solution, the δH(6) is shifted to high frequencies by the local deshielding effect of the amide carbonyl group, which is most of the time pointing out to this hydrogen atom as the N-H mobility is smaller. This effect has been known for a long time for ortho-substituted anilides. 27 The δH(6), also in CDCl 3 solutions, is shifted to low frequencies in 1a-c but shifted to high frequencies in compounds 2a,b and 5a,b. These results are interpreted in terms of a change in the preferred conformation of the HNCO group in solution. In the case of amide 2a, in CDCl 3 solution, the carbonyl group is most of the time in the same side of the H(6) proton [δH(6) = 8.36, ∆δH(6) = -0.44], thus the rotamer I accounts for the strong deshielding of H(6), but this position does not necessarily fix the NH proton as is indicated by δΝH value of 7.77 and the large ∆δNH value of 1.35. In contrast, the amide 5a, shows a large change in ∆δH(6) of -1.20 but very small change in ∆δΝH = -0.04. These observations can be explained taking into account the solvent effect in the stabilization of more polar canonical forms as its dielectric constant is increased. 3 1-6a, COOEt 1-6b, CONH-(A-Ph) 1-6c Rotational barrier contribution to hydrogen bonding The signal of H(6) is shifted to high frequencies when the temperature is raised in compounds 5a-c. In the rest of them δH(6) remains unchanged. As stated before, the rotational barrier of the Ph-NH bond could be increased due to the electron-withdrawing effect of the o-NO 2 group in the phenyl ring, favoring a double bond character (Ph=NH + ). The temperature rise provides the energy required to the free rotation of Ph-N bond, thus data related to ∆δΗ(6)/∆T allowed us to estimate the thermodynamic parameters of associated with the rotation of this bond. ∆δΗ (6)/∆T values and related NLFP and van't Hoff data are recorded in Table 4 . Predicted δ LT and δ HT chemical shifts for H(6) in compounds 5b and 5c are in agreement with the expected THB formation in both compounds. The equilibrium is shifted to more double bond order Ph=NH + character for compound 5c followed by 5b and finally the amide 5a. The estimated ∆Hº and ∆Sº for the process are smaller for the amide than for both oxalamate 5b and bis-oxalamide 5c. These data allowed the estimation of the Ph=NH + rotational barrier of 14.0, 18.0 and 16.7 kJ mol -1 for 5a, 5b, and 5c, respectively, from van't Hoff data. 
Conclusions
The HB disruption by solvent molecules is a complex process because it also includes rotational barriers, effects of the substituents on the NH acidity and conformational preferences, among others. The applied methodology gave valuable information of the process as a whole, even when it is was not possible to evaluate the individual contributions to the energy. Nevertheless Finally the van't Hoff plot was used to calculate ∆H° and ∆S° from a linear fitting procedure. 
